Mitochondrial biogenesis is a complex process. It necessitates the participation of both the nuclear and the mitochondrial genomes. This process is highly regulated and mitochondrial content within a cell varies according to energy demand. In the yeast Saccharomyces cerevisiae, the cAMP pathway is involved in the regulation of mitochondrial biogenesis. An overactivation of this pathway leads to an increase in mitochondrial enzymatic content. Out of the three yeast cAMP protein kinases, we have previously shown that Tpk3p is the one involved in the regulation of mitochondrial biogenesis. In this paper, we investigated the molecular mechanisms that govern this process. We show that in the absence of Tpk3p, mitochondria produce large amounts of ROS that signal to the HAP2/3/4/5 nuclear transcription factors involved in mitochondrial biogenesis. We establish that an increase in mitochondrial ROS production down-regulates mitochondrial biogenesis. It is the first time that a redox sensitivity of the transcription factors involved in yeast mitochondrial biogenesis is shown. Such a process could be seen as a mitochondria quality-control process.
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Introduction:
Cells adapt to their energy needs by adjusting their mitochondrial enzymatic content resulting in a capacity to modulate ATP turn-over (1) . This has been shown to occur in a wide range of cell types, from yeast (2) , Hela cells (3) to skeletal muscle (4) . Mitochondria have their own genome that encodes a few (13 in mammals and 8 in yeast) of the 100 proteins necessary for oxidative phosphorylation (5) . The remaining proteins necessary for the biogenesis of oxidative phosphorylation complexes are encoded by the nuclear genome. Mitochondrial biogenesis thus depends on the coordination of nuclear and mitochondrial events. Moreover, mitochondria to nucleus signaling has been a longstanding question.
In mammalian cells, it has been shown that the mitochondrial reactive oxygen species were involved in the activation of the serine/threonine protein kinase D, which in turn activates NF-κB leading to induction of SOD2 (mitochondrial superoxide dismutase) and consequently efficient detoxification from mitochondrial reactive oxygen species (6) . In Hela cells, respiratory uncoupling, which is well known to decrease mitochondrial ROS production activates nuclear respiratory factor-1 (NRF-1) (3). NRF-1 is a transcription factor encoded by nuclear DNA (7) and functional binding sites for NRF-1 have been described in several genes critical for mitochondrial biogenesis (8) . Furthermore, during aging, it has been shown that while mitochondrial ROS production increases, there is a concomitant decrease in mitochondrial oxidative phosphorylation complexes amount and activity (9) . Altogether, these results point to a possible role of ROS as signaling molecules in the cross-talk between mitochondria and nucleus.
In living cells, growth is the result of coupling between substrate catabolism and multiple metabolic processes taking place during net biomass formation and cell maintenance. A crucial parameter for growth description is its yield, i.e. the efficiency of the transformation from substrate consumption to biomass formation. When yeast cells are grown on a purely respiratory substrate, biomass generation is entirely connected to substrate oxidation through oxidative phosphorylation and, hence, to oxygen consumption. In a previous paper (1), we have shown that, in non fermentable media, the growth yield is identical regardless of the strain, growth phase, and respiratory substrate used. This homeostasis is the consequence of a strict linear relationship between growth and respiratory rates. Moreover, the oxygen consumption rate was strictly controlled by the cellular content in respiratory chains in such a way that, in vivo, the steady state of oxidative phosphorylation was kept constant. The cAMP signaling pathway is now well known to be involved in the regulation of mitochondrial biogenesis, both in mammalian cells and in yeast, even though the molecular mechanisms of this process are not well defined. It has been shown that treatment of human preadipocytes with forskolin (which leads to an overactivation of the cAMP pathway) increased mitochondrial DNA copy number (10) . In yeast, there is now a growing amount of evidence showing that overactivation of the Ras/cAMP pathway leads to an increase in the cell mitochondrial content (11) (12) (13) . Yeast has three A kinase catalytic subunits, which have greater than 75% identity and are encoded by the TPK (TPK1, TPK2 and TPK3) genes (14) . Although they are redundant for viability and functions such as glycogen storage regulation, the three A kinases are not redundant for other functions (15) (16) (17) (18) . We have shown that in the absence of the yeast protein kinase Tpk3p, there is a significant decrease in cellular mitochondrial content, when cells are grown in non-fermentable medium (19) . This generates a drastic decrease in cell growth in the ∆tpk3 cells versus the wild type cells, since when yeast cells are grown on respiratory substrate, energy transformation processes involve oxidative phosphorylation (1) . Briefly, our previous study has allowed us to show that in ∆tpk3 cells (i) respiratory rates are decreased in these cells when compared to the wild type cells (ii) cellular mitochondrial content that was assessed quantitatively by measuring the amount of mitochondrial cytochromes namely aa 3 , b and cc 1 is decreased (iii) growth rate is decreased.
Here, we investigated the mechanisms involved in the regulation of mitochondrial biogenesis via the yeast protein kinase Tpk3p. We show that the decrease in mitochondrial content in the ∆tpk3 cells originates in a decrease in mitochondrial biogenesis. Indeed, the activity of the transcription factors (HAP2,3,4,5 complex) involved in this process is decreased in the ∆tpk3 cells. Moreover, we show that the activity of this complex is modulated by mitochondrial ROS production, which is increased in the mitochondria isolated from the ∆tpk3 cells. This is the first report showing that the activity of the HAP2,3,4,5 complex is sensitive to ROS signaling, thus clearly involving ROS in mitochondria to nucleus signaling.
Experimental procedures:
Yeast strains, culture medium and growth conditions The following yeast strains were used in this study: BY4742: MATa ura3∆0 lys2∆0 leu2∆0 his3∆0 (euroscarf) Y15016: MATa his3∆1 leu2∆0 lys2∆0 ura3∆0 tpk3:: kanMX4 (euroscarf Oxygen consumption assays: The oxygen consumption was measured polarographically at 28°C using a Clark oxygen electrode in a 1 ml thermostatically controlled chamber. Respiratory rates (JO 2 ) were determined from the slope of a plot of O 2 concentration versus time. Respiration assay of growing cells were performed in the growth medium except in the case of uncoupled respiration which was performed after cells were harvested in the following buffer: 2 mM magnesium sulphate, 1.7 mM sodium chloride, 10 mM potassium sulphate, 10 mM glucose and 100 mM ethanol, pH 6.8 (20) .
Cytochrome content determination :
The cellular and mitochondrial content of c+c 1 , b and a+a 3 hemes was calculated as described in Dejean et al. (2) Determination of H 2 O 2 production rate : The rate of H 2 O 2 production was determined by monitoring the oxidation of the fluorogenic indicator amplex red in the presence of horseradish peroxidase. The concentrations of horseradish peroxidase and amplex red in the incubation medium were 0.06 unit/ml and 1 µM, respectively. Fluorescence was recorded at the following wavelengths : excitation 560 nm and emission 584 nm. A standard curve was obtained by adding known amounts of H 2 O 2 to the assay medium in the presence of the reactants. Mitochondria (0.3 mg protein/ml) were incubated in the respiratory medium, at 28°C and H 2 O 2 production was initiated by substrate (glycerol-3-phosphate, 5 mM) addition. Phosphorylating conditions were obtained by addition of 1mM ADP. Antimycin A (0.6 µg/mg of protein) was added into the incubation medium in order to inhibit the activity of complex III. H 2 O 2 production rate was determined from the slope of a plot of the fluorogenic indicator versus time (22).
β-galactosidase assay :
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Standard permeabilization procedure was used as described in (23). After the preincubation period, 0.4mg/ml ONPG (Onitrophenyl-b-D-galactopyranoside) were added and the tube was briefly vortexed. The reaction was stopped by addition of 0.5M Na 2 CO 3 . The samples were centrifuged for 30s at 14000g and the absorbance of the supernatant read at 420 nm. Activity is given in arbitrary units.
Quinones redox state :
Frozen mitochondria were used to measure oxidized and reduced coenzyme Q6 contents. After dissolving and extraction in 2-propanol, CoQ6 was detected by reversephase high performance liquid chromatography with electrochemical detection as described in (24) .
Protein Carbonylation
The amount of proteins indicated on the figure was derivatized, using the Chemicon OxyBlot Kit, to 2,4-dinitrophenolhydrazone (DNP-hydrazone) by reaction with 2,4-dinitrophenylhydrazine (25) . The DNPderivatized crude protein extracts were resolved by SDS-PAGE onto polyvinylidene fluoride (PVDF) (Millipore) membrane filters. The membranes were incubated with a primary antibody, specific to the DNP moiety of the proteins, and subsequently incubated with a secondary (IgG goat anti-rabbit) horseradish peroxidase-antibody conjugate directed against the primary antibody. Filters were then treated with chemiluminescence blotting substrate (horseradish peroxidase) for detection. The filters were exposed to a blue sensitive film that was subsequently developed.
HAP4, SOD1 and SOD2 subcloning : Yep352-SOD1 was kindly provided by P. Fabrizio (26) . Yep351-URA-SOD2 was constructed by switching the original auxotrophic marker by an URA3-HpAI/KasI fragment. Both genes are driven by their natural promoters. The plasmid carrying the HAP4 gene expressed under control of the TET promotor was constructed by inserting a BamH1/Pst1 fragment amplified from the HAP4 locus with the following oligonucleotides -CCCGGATCCATCATGACCGCAAAGA CT -CGCCTGCAGCTATTTCAAAATACTT GTACC, in pCM189 (27) linearized with BamH1/Pst1. Cellular glycogen content determination : Glycogen was quantitated according to (28) on 4 to 10 mg cell dry weight.
Proteins extraction, electrophoresis and blotting : Cells were suspended in 50 µl of a mixture of 3.5%β-mercaptoethanol in 2 M NaOH. After a 15 min incubation on ice, proteins were precipitated with 50 µl of 3 M trichloroacetic acid for 15 min on ice. After a rapid centrifugation, the pellet was resuspended in 1/1 (v/v) mixture of 10% SDS and sample buffer (0.1M Tris, 2% SDS, 2% ßmercaptoethanol, 25% glycerol, 0.002% bromophenol blue). After quantification with a Biorad kit, proteins were analysed by 12% SDS-PAGE performed according to the method of Laemmli. After electrotransfer onto PVDF membranes (Amersham Pharmacia), blots were probed with the desired antibodies. The proteins were visualized by enhanced chemiluminescence (ECL), according to the manufacturer's (Amersham) instructions. Antibodies: anti-GFP antibody was purchased from Roche, anti-Ade4 antibody was a gift from Dr. B. Daignan-Fornier.
Results :
∆tpk3 cells exhibit a decreased mitochondrial content Figure 1 shows that (i) growth rate is decreased in ∆tpk3 cells when compared to the wild type cells (A) (ii) cellular mitochondrial content that was assessed quantitatively by measuring the amount of mitochondrial cytochromes namely aa 3 , b and cc 1 is decreased (B) (iii) respiratory rates are decreased in these cells (C).
CoenzymeQ is highly reduced and ROS production is drastically increased in the ∆tpk3 mitochondria
In the ∆tpk3 cells, we have shown ( Figure 1B ) that cytochrome b (and thus the bc 1 complex, assuming a constant b-c 1 stoichiometry in this complex) is decreased by 20%, cytochrome c is drastically decreased (50%) whereas cytochrome aa3 is slightly decreased ( Figure 1B) . We hypothesized that the decreased amount of cytochrome c in the ∆tpk3 cells would represent a bottleneck for electron transfer. If this were the case, one would expect the quinones (which are right upstream of the cytochrome c) to be in a more reduced state. We thus determined the quinones redox states on isolated mitochondria under different conditions: nonphosphorylating (substrate oxidation), phosphorylating (oxidation coupled to phosphorylation) or fully inhibited (respiratory chain inhibition). Figure 2 clearly shows that in the mitochondria isolated from the wild type cells, under non-phosphorylating (substrate oxidation) conditions, the quinones were about 50% reduced and, as expected, this redox state decreased under phosphorylating conditions. In the presence of antimycin A, a b-c 1 complex inhibitor, 80% of the quinones pool was reduced due to the wellknown site of inhibition of this inhibitor. Indeed, antimycin A acts in the Q-cycle right downstream of the ubisemiquinone thus not allowing the whole pool of quinones to be reduced. In the presence of potassium cyanide, a well-known cytochrome oxidase inhibitor, as expected over 90% of the quinones pool was reduced. In the mitochondria isolated from the ∆tpk3 cells, the quinones redox state under non-phosphorylating conditions was comparable to the one determined in the presence of potassium cyanide indicating that in this condition, the quinones were fully reduced. This redox state was only slightly decreased under phosphorylating conditions. Moreover, these quinones are involved in one-electron transfer processes that are well known to participate in reactive oxygen species production (29) (30) (31) . Since yeast mitochondria do not harbor any complex I, ubisemiquinone is the most likely candidate as a superoxide generator at the level of complex III. Because the quinones redox state was very much increased in the ∆tpk3 isolated mitochondria, we investigated ROS production in these mitochondria. Table 1 shows that the rate of H 2 O 2 production in these mitochondria was four to five times higher than the one in the wild type mitochondria, establishing that the mutant mitochondria produce high levels of ROS. It is noteworthy that whereas in the wild type mitochondria coupling oxidation to phosphorylation decreased the ROS production rate by 40%, in the mutant mitochondria there was no significant decrease when substrate oxidation was coupled to ATP synthesis.
cAMP-induced decrease in ROS generation is dependent on Tpk3p on isolated mitochondria
One of the questions raised by this study is how Tpk3p deficiency led to an increase in mitochondrial ROS production. The activity of some of the respiratory chain complexes has been shown to be regulated by cAMP-dependent phosphorylation of one of their subunit (32) . This process leads to a regulation of the flux through the respiratory chain and might have an impact on the rate of ROS production. In order to decipher whether mitochondrial ROS generation was regulated by Tpk3p, their production rate was assessed in the presence of cAMP. Figure 3 clearly shows that cAMP induces a decrease in ROS production rate on isolated wild type mitochondria whereas there is no significant decrease of this rate on isolated ∆tpk3 mitochondria.
The activity of the ROS protection enzymes is increased in the ∆tpk3 cells Because the ∆tpk3 isolated mitochondria produced more ROS, we investigated the status of the ROS protection enzymes that allow the cells to avoid the deleterious effects of these species. Superoxide (O 2 . -) produced by the mitochondrial respiratory chain can be dismutated to hydrogen peroxide by superoxide dismutase. There are two superoxide dismutases, SOD1 (copper-zinc superoxide dismutase) that is cytosolic and present in the mitochondrial intermembrane space and SOD2 (manganese superoxide dismutase) that is located within the mitochondrial matrix. Further, mitochondrial and cytosolic catalases convert the hydrogen peroxide generated by the activity of these enzymes in water and oxygen. The activity of these enzymes was investigated on whole cells. There was only a slight increase in mitochondrial SOD activity whereas the cytosolic SOD was significantly increased in the ∆tpk3 cells (see Figure 6B ) and catalase activity was doubled in the mutant cells (35.10 6 U/mg proteins for the wild type and 72.10 6 U/mg proteins for the ∆tpk3 cells), indicating an oxidative stress in these cells. However, data relative to ROS production at the mitochondrial level (see above) indicate that this increase is not sufficient to prevent the increase in ROS production in the ∆tpk3 mitochondria. The oxidative stress was further confirmed by the level of carbonylation of the mitochondrial proteins from both strains (Figure 4 ). Indeed, due to its irreversible nature, the level of protein carbonylation is considered a good indicator of oxidative stress. Figure 4 further strengthens the fact that the ∆tpk3 cells are subjected to an oxidative stress.
The decrease in mitochondrial enzymatic equipment in ∆tpk3 cells originates in ROS production.
Oxidative stress has long been considered an "accident" of aerobic metabolism; a stochastic process of free radical production and nonspecific tissue damage that is fundamentally unregulated aside from the antioxidant defense mechanisms. In recent years, a paradigm shift has been occurring wherein certain ROS have become appreciated as signaling molecules whose production may be regulated as a part of routine cellular signal transduction (33) . Because ROS production was largely increased in the mutant mitochondria, we hypothesized that these species might be involved in the signaling leading to a decrease in the mitochondrial enzymatic content. We thus monitored the growth of both wild type and ∆tpk3 cells in the presence of a potent anti-oxidant : N-acetylcystein. Figure 5A clearly shows that growth was fully restored in the mutant cells in the presence of an antioxydant. Cellular mitochondrial content was assessed quantitatively by measuring the amount of mitochondrial cytochromes namely aa 3 , b and cc 1 . Figure  5B shows that there was a full restoration in the mitochondrial cytochromes content of the ∆tpk3 cells when grown in the presence of N-acetylcystein. Furthermore, metabolic activity of these cells grown on respiratory substrate was assessed through respiratory rates measurement. Figure 5C unequivocally shows that any respiratory rate in the mutant cells in the presence of N-acetylcystein was comparable to the wild type cells with N-acetylcystein. This clearly indicates that the decrease in mitochondrial enzymatic content of the ∆tpk3 cells is due to an increase in ROS production.
Moreover, the bc 1 complex can produce reactive oxygen species both on the matrix side of the membrane and on the intermembranal side (34) . Because the diffusible and thus signaling species of ROS is thought to be hydrogen peroxide, either matricial and/or inner membrane ROS could be involved in the signaling process. To sort out whether the localization of the ROS produced was of importance in the signaling process, we overexpressed either the matricial SOD (SOD2) or the cytosolic one (SOD1) in the ∆tpk3 strain. Figure 6A clearly shows that overexpression of the cytosolic SOD (which is mostly located in the mitochondrial inner membrane space) led to an almost complete abrogation of the respiratory defect in ∆tpk3 cells. Matricial SOD overexpression had little effect on the ∆tpk3 cells respiratory rate. Figure 6B shows that both SOD1 and 2 are indeed overexpressed under our experimental conditions. Since SOD1 is overexpressed 2.5 times in ∆tpk3 -SOD1 cells versus ∆tpk3 cells and SOD2 is overexpressed about 3 times in ∆tpk3 -SOD2 cells versus SOD2 cells, their overexpression level is comparable (see figure 6B ). Figure 6C shows that cellular cytochrome content is almost completely restored in the ∆tpk3 -SOD1 cells.
In order to ensure that the ROSinduced decrease of mitochondrial content and its sensitivity to an antioxydant in the ∆tpk3 cells was indeed specific of the mitochondrial compartment, we assessed cellular glycogen content. It is well known that glycogen storage is impaired in mutants of the yeast Ras/cAMP pathway (35), a decrease in the activity of this pathway being associated with an increase in cellular glycogen content. Table 2 shows that there is an important increase in cellular glycogen content in the ∆tpk3 cells versus the wild type cells and that this increase is not affected by an antioxydant such as N-acetyl cystein. This strengthens the fact that the ROS signaling here is indeed specific of the mitochondrial compartment.
ROS regulate the activity of the transcription factors HAP2,3,4,5 Microorganisms adapt their metabolism to environmental conditions and, particularly, to nutrient availability. The yeast has a clear preference for glucose as a carbon source, with subsequent conversion to ethanol by fermentation. During this shift from fermentation to respiration, gene expression is largely reprogrammed (36) . This is achieved by derepression of glucose-repressed genes and specific induction of genes involved in gluconeogenesis, metabolism of alternate carbon sources, respiration and mitochondrial development (37). The Hap2/3/4/5p transcription factor has been shown to be involved in these transcriptional changes. Indeed, disruption of any subunits of this complex renders the cells unable to grow on non-fermentable carbon sources (38) (39) (40) (41) . Moreover, many genes involved in energy metabolism have been shown to be regulated by this complex (42, 43) . In order to determine whether the decrease in mitochondrial enzymatic content in the ∆tpk3 cells was linked to a decrease in mitochondrial biogenesis in these cells, we assessed the activity of the Hap2/3/4/5p transcription factor with a widely used reporter gene, pCYC1-lacZ (pLG669Z) (44) . Figure 7A shows that there was an 80% decrease in the activity of this complex (as assessed by ßlacZ reporter gene activity) in the ∆tpk3 cells, indicating a potent defect in mitochondrial biogenesis in these cells. Moreover, whereas an antioxidant had no effect on this activity in the wild type cells, there was a full restoration of Hap2/3/4/5p transcription factor activity in the mutant cells grown in the presence of an antioxidant, indicating that (i) the decrease in Hap2/3/4/5p transcription factor activity in the ∆tpk3 cells goes through ROS (ii) in the signaling pathway leading to the decrease in mitochondrial enzymatic content, ROS act downstream of Tpk3p. Sensitivity of the Hap2/3/4/5p transcription factor to cytosolic ROS was further confirmed by the decrease in its activity in the presence of menadione, a pro-oxidant ( Figure 7A ). Because the CYC1 promoter has been shown to contain two upstream activation sequences (UAS1 and UAS2) and to ensure that we were indeed assessing the activity of the Hap2/3/4/5p transcription factor (that has been shown to bind to UAS2), we performed a similar experiment with a truncated version of pCYC1 that only contains the UAS2 (45) . Figure 7B shows that the results obtained with the UAS2 of pCYC1 are comparable to the ones obtained with the full promoter, further confirming the sensitivity of the Hap2/3/4/5p transcription factor to oxidative stress. To ensure that this regulation was not specific of pCYC1, similar experiments were realized using ACO1-lacZ reporter gene (46) that has been shown to be HAP responsive. Similar results were obtained using such a lacZ reporter gene (data not shown).
HAP4p amount plays a key role in ROS induced decrease in mitochondrial biogenesis.
In order to confirm that ROS signaling in the ∆tpk3 cells did indeed go through the HAP2/3/4/5 complex, we determined the influence of HAP4p (the only subunit of the complex whose expression is transcriptionally regulated (36, 40)) overexpression on ∆tpk3 cells. Figure  8A shows that HAP4p overexpression in the ∆tpk3 cells suppressed their respiratory rate defect (as well as the growth defect, data not shown), confirming that ROS signaling to mitochondrial biogenesis goes through the HAP2/3/4/5 complex. Figure 8B shows that the cellular cytochrome content is in accordance with the respiratory rates and that its decrease in the ∆ tpk3 cells is abrogated by HAP4p overexpression.
Furthermore, because HAP4p overexpression was able to suppress the respiratory defect in the ∆ tpk3 cells, we hypothesized that HAP4p might be the target of ROS signaling. Figure 9 shows that when wild type cells are subjected to H2O2 treatment, there is an important decrease in the cellular amount of HAP4p.
Discussion :
In yeast, the Ras/cAMP pathway cascades as follows (47): Cdc25p catalyzes the conversion of GDP-Ras1p and Ras2p into GTP-Ras1p and Ras2p, which are the activators of Cyr1p, the adenylate cyclase. Cyr1p catalyzes cAMP synthesis. The intracellular concentration of cAMP thus depends on the respective activities of Cyr1p and the phosphodiesterases Pde1p and 2p. High cAMP concentrations promote the dissociation of the regulatory subunit (Bcy1p) from the catalytic subunits (Tpk1,2,3p), activating the catalytic subunits of the protein kinase A, which phosphorylates a variety of substrates (32) . We have shown that, from the top of the pathway down to Bcy1p, any mutation leading to an over-activation of this pathway leads to an increase in the mitochondrial content (11) . This shows that the signaling of this pathway to mitochondrial content regulation goes through the PKA, i.e. Tpk1p, 2p and 3p in yeast. These three catalytic subunits of the PKA have redundant functions. However, specificity in their respective signaling has recently been proposed (15) (16) (17) (18) . In a previous paper, we have shown that the yeast Tpk3p was specifically involved in the regulation of mitochondrial content in the transition phase (19) . Here, we investigate the molecular mechanisms of this process in a medium where the amount of carbon substrate controls growth. We show that the absence of the cAMP protein kinase Tpk3p leads to a growth defect due to a decrease in the mitochondrial enzyme content. This originates in an increased mitochondrial ROS production that is due to a deficiency in Tpk3p induced phosphorylation at the mitochondrial level. These reactive oxygen species are involved in mitochondria-to-nucleus signaling and induce a decrease in the activity of the transcription factor complex HAP2/3/4/5 that is involved in mitochondrial biogenesis. Moreover, we show that the ROS involved in this signaling are the ones produced on the external side of the mitochondrial inner membrane. Thus, a deficiency in the activity of Tpk3p leads to a decreased mitochondrial biogenesis induced by ROS signaling. Although the cells sense the oxidative stress and respond to it by increasing the amount of antioxidant enzymes (SOD and catalase), this increase is not sufficient to suppress the overflow of ROS.
The activity of some of the respiratory chain complexes has been shown to be regulated by cAMP-dependent phosphorylation of one of their subunit (32, 48) . Tpk3p is most likely involved in the direct or indirect regulation of one (or more) of the subunits of one of the respiratory chain complexes that leads to an increase in the electron flux through this complex and thus a decrease in ROS production rate. Consequently, in the absence of Tpk3p, there is an increase in ROS production.
Reactive oxygen species (ROS) are generated as by-products of cellular metabolism, primarily in the mitochondria. When cellular production of ROS overwhelms its antioxidant capacity, damages to cellular macromolecules such as lipids, protein, and DNA may ensue. Such a state of "oxidative stress" is thought to contribute to the pathogenesis of a number of human diseases. Recent studies have also implicated ROS in normal physiological signaling (49) . In yeast, the Yap1p transcription factor regulates hydroperoxide homeostasis and it has been shown that the thiol peroxidase Gpx3 is the hydroperoxide sensor that promotes the oxidation of Yap1 to its intra-molecular disulfide bond, the activated form (50, 51) . In mammalian cells, mitochondrial ROS have been shown to be involved in the regulation of the activity of the HIF-1α transcription factor (52) . Here, we show that in the yeast Saccharomyces cerevisiae, one of the subunits of the nuclear transcription factors complex responsible for the transcription of most of the genes involved in mitochondria biogenesis is most probably down-regulated by an increase in mitochondrial ROS production. Such an increase can be deleterious to the cell and is often associated to a mitochondrial malfunction. Through this signaling pathway, the cell protects itself by decreasing mitochondrial biogenesis and thus the amount of dysfunctional mitochondria. This work indicates that ROS act as a sensor of the mitochondrial functional state and that over a threshold, they signal to the nucleus through regulation of the activity of transcription factor(s). In addition, it is clear that the site of ROS production (compartmentalization) and the concentration of ROS generation are important factors in determining the physiological actions and effects of ROS in the regulation of mitochondrial biogenesis. Such a down-regulation of mitochondrial biogenesis when mitochondrial alterations lead to increased ROS production could be seen as a mitochondria quality-control process. This work was supported in part by the Agence Nationale de la Recherche ANR, (NT05-2_42268) and the Conseil Regional D'Aquitaine. The authors wish to thank P. (C) Respiratory rates of wild type (black bars) and ∆tpk3 (white bars) cells. Wild type and ∆tpk3 respiratory rates were assessed on cells grown aerobically in minimal medium containing 0.2% (w/v) D, L-lactate. Spontaneous respiratory rate was directly assessed on cells from the growth medium. The respiratory rate in the absence of phosphorylation (TET) was assessed in the presence of 0.2mM TET and the uncoupled respiratory rate was assessed in the presence of 40µM CCCP as described in the experimental procedures section. Results are mean ± S.D. of at least three measurements performed on three independent cell cultures. (46) on mitochondria isolated from the wild type and ∆tpk3 cells. Results are mean± S.D. of at least three measurements performed on two independent mitochondrial preparation. Respiratory substrate was glycerol-3-phosphate (10mM), phosphorylating respiratory rate was determined in the presence of 1mM ADP, fully inhibited state was determined in the presence of either 0.6 µg/mg protein Antimycin A or 1mM KCN. Figure 3 : Tpk3p-dependent decrease in mitochondrial ROS production of wild type () and ∆tpk3 () isolated mitochondria The rate of H 2 O 2 production in mitochondria was determined as described in experimental procedures. Respiratory substrate was glycerol-3-phosphate (10mM), cAMP was added at the indicated concentration in the presence of 5mM ATP and 5mM Mg2+. Results are mean± S.D. of at least three measurements performed on two independent mitochondrial preparations. Figure 4 : Protein carbonylation of mitochondria isolated from wild-type and ∆tpk3 cells Detection of carbonylated proteins was performed using the Chemicon OxyBlot Detection Kit as described in Material and Methods. Lanes 1, 3, 5 are wild-type isolated mitochondrial extracts; lanes 2, 4 and 6 are ∆tpk3 extracts. The three sets correspond to increasing amounts of mitochondrial proteins. The numbers on the quantification figure correspond to the ratio between carbonylation levels in the mutant versus the wild type. Quantification was assessed using the ImageJ software. (C) Respiratory rates of wild type and ∆tpk3 cells grown in the presence of an anti-oxydant. Wild type (black) and ∆tpk3 (white) respiratory rates were assessed on cells grown aerobically in minimal medium containing 0.2% (w/v) D, L-lactate and 5mM N-acetylcystein. Spontaneous respiratory rate was directly assessed on cells from the growth medium. The respiratory rate in the absence of phosphorylation (TET) was assessed in the presence of 0.2mM TET and the uncoupled respiratory rate was assessed in the presence of 40µM CCCP as described in the experimental procedures section. Results are mean ± S.D. of at least three measurements performed on three independent cell cultures. (A) Respiratory rates in wild type, ∆tpk3 and ∆tpk3 overexpressing SOD cells. Wild type (black), ∆tpk3 (white), ∆tpk3-SOD1 (gray) and ∆tpk3-SOD2 (light gray) respiratory rates were assessed on cells grown aerobically in minimal medium containing 0.2% (w/v) D, L-lactate. Spontaneous respiratory rate was directly assessed on cells from the growth medium. Results are mean of at least three measurements performed on three independent cell cultures.
(B) SOD1 and 2 in gel activities in wild type, ∆tpk3 and ∆tpk3 overexpressing SOD cells. SOD activity was assessed according to (53) on cell extracts.
(C) Cytochrome content in wild type, ∆tpk3 and ∆tpk3 overexpressing SOD cells.
Wild type (black), ∆tpk3 (white), ∆tpk3-SOD1 (gray) and ∆tpk3-SOD2 (light gray) cytochromes were assessed on cells grown aerobically in minimal medium containing 0.2% (w/v) D, L-lactate. Results are mean of at least three measurements performed on three independent cell cultures. Figure 5B:
